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Path coefﬁcient analysisly polymorphic and informative, which makes its distribution pattern and its
associations very valuable for marker applications and genomic research in evolution. Using computational
and statistical approaches, based on database technology, we have demonstrated that microsatellite content
is consistently and signiﬁcantly 2 to 5 fold lower than the average chromosomal level in the centromeric and
pericentromeric regions of the chromosomes of two plant species, Arabidopsis thaliana and Oryza sativa. We
conducted a path coefﬁcient analysis to compare the direct effect of microsatellites (from mono-nucleotide
through to penta-nucleotide repeats) on recombination rates. The results revealed that tri- and penta-
nucleotide microsatellites signiﬁcantly inﬂuence recombination rates. In the human genome, tri-, tetra- and
mono-nucleotide microsatellites, in decreasing order, make signiﬁcant direct contributions to recombination
rates, according to DECODE, GENTHON, and MARSHFIELD averages. Path coefﬁcient analysis in rice and
human genomes of the impact of di-nucleotide microsatellites of different motifs on recombination rates
indicate that motifs with either A or T have an effect, resulting in increased recombination rates for
microsatellites with motifs consisting of 50% A or T, such as AG, TC, CA, TG. Conversely, microsatellites with
motifs consisting of only A & T or G & C, such as AT, TA, GC or CG, have decreased recombination rates. The
extremely low microsatellite content in centromeric and pericentromeric regions, as well as the quantitative
association of microsatellite sequences with the recombination rate at the genome level, suggests that
purifying selection in genome evolution creates a balance between genomic polymorphisms and the
biological function of sequences in a genome.
© 2008 Elsevier Inc. All rights reserved.IntroductionThe hypervariability and ubiquitous occurrence of microsatellite
sequences are outstanding features of the higher eukaryotic genome
[1]. Although functionally related genes are clustered in chromosomes,
it has not been established whether microsatellites are equally
common throughout the genome. In the Drosophila melanogaster
genome, base composition inﬂuencesmicrosatellite density [2], which
suggests a neutral origin for microsatellites and their random
generation by mutation. However, other research has conﬁrmed that
microsatellite distribution is not random. On average, microsatellite
density is higher on the X chromosome. However, extreme hetero-
geneity in microsatellite density has been observed between different
genomic regions [3]. Research based on motif length has mostly failed
to yield deﬁnitive conclusions because the scope of this research hasat fax: +86 915 3261778. P. Li,
o), liping7949@sina.com (P. Li).
l rights reserved.been limited to di-nucleotide microsatellites. Both mouse and human
genomes have similar densities of di-nucleotide microsatellites [4].
However, the microsatellite density in chromosomes is uneven with a
50% reduction in microsatellite density near the ends of chromosome
arms. Previous research [4] has also indicated that one end of a
chromosome may have a lower density of microsatellites than the
other end. Earlier studies on the mouse genome failed to consider the
fact that mouse chromosomes are acrocentric and that the centromere
may inﬂuence microsatellite density. Thus, further research into
microsatellite distribution on chromosomes and studies of the possible
associations between these distributions and other genomic
characteristic are required.
Microsatellites are extremely useful as markers of genomic
variations because of their hyper-polymorphism. Inferences into the
evolutionary history of taxa have at times been made based on the
density and distribution of microsatellites on chromosomes. Studies
involving awide range of microsatellitemotifs provide invaluable data
on the occurrence of microsatellites in populations. Microsatellite loci
have been a key focus in many genomic studies [5–8]. Di-nucleotide
repeat sequences are preferential sites for recombination due to their
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observation that some microsatellite arrays form Z-conformations or
other alternative secondary DNA structures [10]. Certain microsatellite
repeat motifs have been correlated with recombination rates [11].
Human genome analysis has indicated that GT microsatellites are
associated with recombination on chromosome 22 [12]. A vast body of
evidence obtained from the analysis of partial microsatellite motifs
reveals that microsatellite number correlates signiﬁcantly with
recombination rate. However, which affect recombination has remained
unclear. Likewise, themagnitudeof the effects ofmicrosatellitemotifs on
recombination rates is still contested. Considering that microsatellites
and recombinationevents are ubiquitous ineukaryotic genomes, amuch
greater variety of microsatellite motifs may affect recombination rates
than previously suspected. The major factor that determines the
relationship between microsatellites and recombination rates may be
microsatellite density rather than a speciﬁc motif.
The biological and evolutionary signiﬁcance ofmicrosatellites is still
notwell understood. Closer investigation ofmicrosatellite distributions
and their association with other genomic features may help elucidate
the exact functions of microsatellites in the genome and their role in
evolution. Although the homogenization of repetitive sequences has
been traditionally accepted, the pattern of homogenization that is
actually chosen remains unknown. With the complete sequencing and
assembly of several eukaryotic genomes, analysis based on whole or
nearly whole genome sequences is now feasible. In this study, we
identiﬁed highly signiﬁcant correlations between genomic micro-
satellite distributions on chromosomes and statistically demonstrated
recombination rates in the rice and human genomes.
Path analysis [13] was initially developed by Sewall Wright for
genetic analysis, but has since been broadly applied by social
scientists and developed as a method to decompose correlations
into distinct factors for interpretation of effects. Path analysis is
closely related with multiple regressions and is an extension of the
regression model. It is used to test the ﬁt of the correlation matrix
against two or more causal models that are under comparison. This
analysis requires the usual assumptions of regression, but the
correlation can be decomposed into 4 factors: 1, Direct effects due
to the path from X to Y; 2, Indirect effects due to paths through
intermediate variables; 3, Unanalyzed effects due to correlated
exogenous variables; 4. Spurious effects due to third variable causes.
In this study, we applied path analysis to evaluate the effects of
different microsatellite motifs on recombination rates.
Results
Microsatellite distribution on chromosomes
In the Arabidopsis and rice genomes, we examined the genomic
microsatellite content from the north end to the south end of a
chromosome using 1 megabase moving windows. Both genomes
exhibited signiﬁcantly lowermicrosatellite content in their centromeric
and pericentromeric regions than in the other regions. Regardless of
centromere location, the microsatellite content in the pericentromeric
and centromeric regions was always 2 to 5 fold lower than the
chromosome average.
Fig. 1 shows the microsatellite content distribution in the
Arabidopsis genome and its association with the recombination rate
at each microsatellite position. All the chromosomes in Arabidopsis
thaliana are meta- or acrometa-centromeric. The microsatellite
content in the centromeric and pericentromeric regions was 2 to 5
fold lower than elsewhere. Additionally, the recombination rates in
the centromeric and pericentromeric regions were similarly low.
Fig. 2 shows the microsatellite content distribution in the rice
(Oryza sativa L. ssp. Japonica cv. Nipponbare) genome. The trends in
microsatellite distribution in rice were almost identical to those in the
Arabidopsis thaliana genome. Of particular interest is themicrosatellitecontent in the centomeric region and the sharply increased micro-
satellite content outside the centromeric and pericentromeric regions.
While these patterns were sharply evident in chromosome 9, which is
acrocentric, the suppression of microsatellite content in the majority of
chromosomeswas clear. Thisﬁnding is consistentwith previous reports
that centromeres suppress recombination [14–17] andexhibit a reduced
gene density [18–20]. However, some differences were evident. For
instance, the recombination rate was close to zero at the centromere,
but the number ofmicrosatellite sequenceswas not. These results imply
that the recombination rate correlates with microsatellite content.
In the mouse (Mus musculus) genome, all chromosomes are
acrocentric and the microsatellite densities at the north end of each
mouse chromosome are lower than elsewhere. Microsatellite
distributions on all mouse chromosomes have been presented else-
where [4]. The lower distribution of microsatellite content/density at
centric and pericentric regions is the same for allmouse chromosomes.
An obvious interpretation of these observations would be that
centromeres depress recombination rates and microsatellite content.
Our previous study [21] showed that higher microsatellite content
facilitates the evolution of new genes and is deleterious to the
conservation of gene function. The association between reduced
recombination rates and microsatellite content also implies the
existence of opposing pressures for the maintenance of function and
evolution of DNA sequences at centromeric regions.
Correlation between microsatellite length motifs and recombination rates
As shown by the following data, the abundance of microsatellite
motifs of a particular length broadly correlates with the microsatellite
abundance and recombination rates.
The data in Table 1 shows that, in human, rice and Arabidopsis
thaliana genomes, the number of microsatellite loci/megabase
signiﬁcantly correlates with the number of motifs of a particular
length, with the exception of di- and tri-nucleotide microsatellites in
the human genome. These data show that the distribution of
microsatellites as a whole is the result of quantitative genome
homogenization. At the same time, quantitative homogenization is
indicated not only by the extensive distribution of sequences in a
chromosome, but also by the relationship between each repeat motif.
As the correlation coefﬁcients for the human and rice genomes in the
corresponding data pairs in Table 1 are distinct, this kind of
homogenization of repetitive DNA may differ between genomes. The
homogenization of repetitive DNA has been broadly accepted [22,23],
especially since the acquisition of large amounts of sequence data.
However, we also measured the pattern of homogenization of
repetitive DNA sequences, which revealed that homogenization is
not equal, but proportional to the lengths of the motifs. Such
proportionality may be termed “proportional homogenization”.
In experimental studies, microsatellite sequences have been
shown to act as recombination hotspots [9], and the density of GT
microsatellites is signiﬁcantly correlated with the recombination rate
[12]. Other microsatellite motifs do not seem to have an effect. To test
and compare the impact of other microsatellite motifs, we computed
and censused all microsatellite sequences with motif lengths ranging
from mono- to penta-nucleotide and with array repeats of 12 bases or
larger. We computed the corresponding correlation coefﬁcients
between these motifs and recombination rates in a 1 megabase
statistic window. The background data used for these computations
differed somewhat depending on the species. For the rice genome, we
included centromeric and pericentromeric regions, but for the human
genome, we did not include such regions, because the dataset of the
Build 35 GoldenPath human genome assembly used in this study does
not include centromeric sequences. We computed the microsatellite
content distribution for the human genome and inferred that it should
be similar to that of Arabidopsis thaliana and rice genomes on the basis
of the mouse genome. The putative strong inﬂuence of samples from
Fig. 1.Microsatellite content and recombination rates/centi-Morgan (cM) from the north to south ends of chromosomes in the Arabidopsis thaliana genome. The x-axis indicates the
chromosomal position from the north end. The simple sequence repeat (SSR) or microsatellite content is indicated on the y-axis. Data from each chromosome is shown in paired
graphs in which the y-axes indicate the recombination rate and SSR content, respectively. This ﬁgure shows that the microsatellite density in centromeric and pericentromeric
regions is signiﬁcantly lower than in other regions. In comparison with the distribution of SSR content in each chromosome, the recombination rates in the corresponding
centromeric regions are also lower. These phenomena indicate that the centromere depresses both the recombination rate and the microsatellite content.
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was not a major consideration as samples from Arabidopsis and rice
containing these regions gave the same correlation as samples from
other regions lacking these regions. The sample sizes were also
different. The rice genome has 420 megabasepair segments; thus,
using 1 megabase as a unit, we can make 420 observations. However,
the rice genome has 12 chromosomes, each with a centromere. If we
exclude the centromere samples, we can make 408 observations. The
centromeric regions account for 2.86% of the results. Similar
constrictions apply to the human genome, but here the centromeric
regions account for 0.8%. Thus, the exclusion of centromeric
sequences does not signiﬁcantly inﬂuence the relationship between
microsatellite density and recombination rates in the two genomes.
Table 2 clearly shows that the density of all microsatellite motifs, with
the exception of penta-nucleotide motifs, correlates with the
recombination rate/megabase of DNA in the human genome, and
that the density of all lengths of microsatellite motifs correlates with
the recombination rate in the rice genome.
We also computed the Pearson correlation coefﬁcients between
the number of microsatellite loci with different length motifs andrecombination rates for the Arabidopsis thaliana genome. Unfortu-
nately, when the window was set to 1 megabase, it was impossible to
obtain any signiﬁcant correlations. We suspected that the sample size
inﬂuenced the computation. Thus, we decreased the window size to
100 kilobase, and increased the sample size to 1194. In this way, we
could obtain statistics for the loci of triplet microsatellites, which were
found to be signiﬁcant (Table 2). However, the result is still consistent
with previous studies. Also, it is clear that gene density is correlated
with recombination rate [24], and that triplet microsatellites mainly
occur in coding regions [25]. The triplet microsatellite is certainly
correlatedwith the recombination rate.Why is it impossible to obtain a
signiﬁcant relationshipwith the 1megabase samplingwindowand121
samples when it is possible with the 100 kilobase sampling window
and 1194 samples?We speculate that genome size and complexitymay
inﬂuence the relationship. Although we were unable to prove the
relationship with the Arabidopsis thaliana genome, the relationship in
larger ormore complex genomeswas broadly reliable, andwas not just
restricted to a few cases or to a limited number of genomes. The
differences among genomes are probably due to the evolutionary
diversity of individual genomes and genome sizes. The presence of
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content, gene density, and the size of the recombination unit.
Di-nucleotide repeat sequences have been shown to be preferential
sites for recombination because of their high afﬁnity for recombination
enzymes [9], and GT di-nucleotide repeat microsatellites, which may
form Z-DNA structures, are positively correlated with recombination
rates [12]. Unexpectedly, however, Table 2 shows that the correlation
between di-nucleotide microsatellites and recombination rates is low
or not signiﬁcant in both the human and rice genomes, which is in
contrast to the correlation between recombination andmotifs of other
lengths. These data indicate that the di-nucleotide motifs may have
less of an impact on recombination overall, and that the role of such
motifs may depend on their composition.
The results of this study conﬁrm thatmicrosatellites, irrespective of
their length, may inﬂuence the recombination rate. However, different
length motifs may inﬂuence recombination to different extents.
Further research is required to identify the relative contribution of
each microsatellite length motif to the recombination rate.
The direct contribution of microsatellites with different length motifs to
recombination rate, using path coefﬁcient analysis
The above analysis has demonstrated that microsatellite motifs of
various lengths correlate linearly with recombination rates. It isFig. 2. Comparative distribution of microsatellites and recombination rates on each of the 1
1 megabase moving window from the north to the south end of each chromosome. The y-
corresponding coordinates.necessary to determine the direct effects and relative contributions of
the variousmotifs on recombination rates. We applied path coefﬁcient
analysis [13] for this analysis.
This analysis aimed to elucidate the relative importance of the
contribution made by each variable, which in this case was the length
of the nucleotide repeat. One advantage of path coefﬁcient analysis is
that the relationship coefﬁcient can be split into two factors: direct
effects and indirect effects. Because the source of indirect effects may
be complex, we did not consider these here. The following results deal
only with the direct effects.
The results presented in Table 3 indicate that microsatellites with
motifs of any length, with the exception of di-nucleotide motifs,
contribute signiﬁcantly to recombination in the human genome. Tri-
and penta-nucleotide motifs correlate highly with the recombination
rate. The correlation coefﬁcients (R2) for human, rice and Arabidopsis
thaliana genomes are signiﬁcant, which indicates that the analysis was
reliable. The relative effects of microsatellites with different length
motifs on recombination differ between human, rice and Arabidopsis
thaliana genomes. In the human genome, tetra-nucleotide micro-
satellites had the greatest impact on recombination, followed by tri-,
mono-, penta- and di-nucleotide microsatellites in decreasing order. In
the rice genome, tri-nucleotidemicrosatellites had the greatest impact,
followed by penta-, mono-, di-, and tetra-nucleotide microsatellites in
decreasing order. In the Arabidopsis thaliana genome, only tri-2 chromosomes of Oryza sativa L ssp. Japonica. The abscissa represents the position in a
axes represent the microsatellite content and recombination rates, respectively, at the
Fig. 2 (continued).
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nucleotide microsatellites appeared to have a signiﬁcant effect on
recombination in all three genomes,while di-nucleotidemicrosatellites
had a minimal effect on recombination rates in either genome. The
minimal effect of di-nucleotide microsatellites on recombination rates
measured here is in contrast to an earlier report by Biet et al [9]
(reviewed in Li et. al [2]) who suggested that di-nucleotide micro-
satellites would be preferential sites for recombination because of their
high afﬁnity for recombination enzymes. However, our experiments
consistently indicated that di-nucleotide repeats exerted only a small
effect on recombination rates in these genomes.
The above results suggest that there is a need for further research
into the effect of di-nucleotide microsatellites on recombination rates.
In the present study, when a separate coefﬁcient analysis was
performed for di-nucleotide microsatellites with various sequences,
the correlation coefﬁcient (R2) for di-nucleotidemicrosatellites in both
human and rice genomes was larger than that of the other
microsatellites combined (Table 4). This ﬁnding indicates that while
di-nucleotidemicrosatellites contribute signiﬁcantly to recombination
rates, certain motifs contribute more than others. AG/CT and CA/TG
contribute positively to recombination rates. These motifs are present
in both the rice and human genomes. The failure to detect signiﬁcant
direct contributions of di-nucleotide microsatellites in the path
coefﬁcient analysis may be due to the strong negative effects of
some motifs on recombination (AT and TA motifs in the human
genome and the GC motif in the rice genome). Our computation isalso consistent with the results of Biet et al [9] which indicated a
“high afﬁnity for the GT, CT and CA repeats” and a “low afﬁnity for the
GA, GC and AT repeats”. Taken together, our results and those of Biet
et al [9] suggest that half A/T motif di-nucleotide microsatellites, i.e.,
microsatellites composed of motifs such as AG, CT, CA, or TG are
positively correlated with recombination (our study) and have a
higher afﬁnity for recombination enzymes (report of Biet et al [9]).
Additionally, all microsatellites composed of A/T or G/C motifs, such
as AT, TA, CG or GC were negatively correlated with recombination in
this study and had a lower afﬁnity for recombination enzymes in the
work of Biet et al [9].
Unfortunately, we could not obtain a signiﬁcant relationship by
path coefﬁcient analysis for the di-nucleotide motif in the Arabidopsis
thaliana genome. Thus, this data is not shown in Table 4. We speculate
that we were unable to obtain this data not just because of the sample
size but also because of the complexity of the Arabidopsis thaliana
genome.
Discussion
On the basis of prediction alone, microsatellite density is
considered to be lower in the north ends of mouse chromosomes
which are all acrocentric. However, the assertion that all north ends
have a lowermicrosatellite density [1,4] is untenable, as demonstrated
by studies on the human genome. In the present study, a comparison
of the microsatellite densities in all chromosomal regions was not
Fig. 2 (continued).
Table 1
Pearson correlation coefﬁcients between the number of microsatellite loci with motifs
of different lengths in the Homo sapiens, Oryza sativa L ssp. Japonica and Arabidopsis
thaliana genomes
Genome Motifs Mono Di Tri Tetra Penta
Homo sapiens Mono 1 −.247(⁎⁎) .560(⁎⁎) .580(⁎⁎) .374(⁎⁎)
Di 1 −.015 .085(⁎⁎) −.118(⁎⁎)
Tri 1 .613(⁎⁎) .241(⁎⁎)
Tetra 1 .298(⁎⁎)
Penta 1
Oryza sativa L ssp.
Japonica
Mono 1 .284(⁎⁎) .552(⁎⁎) .486(⁎⁎) .474(⁎⁎)
Di 1 .390(⁎⁎) .525(⁎⁎) .346(⁎⁎)
Tri 1 .679(⁎⁎) .649(⁎⁎)
Tetra 1 .683(⁎⁎)
Penta 1
Arabidopsis thaliana Mono 1 .604(⁎⁎) .590(⁎⁎) .616(⁎⁎) .444(⁎⁎)
Di 1 .661(⁎⁎) .633(⁎⁎) .346(⁎⁎)
Tri 1 .650(⁎⁎) .302(⁎⁎)
Tetra 1 .304(⁎⁎)
Penta 1
⁎⁎signiﬁcant at Pb0.01. The statistical window is 1 megabase.
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gaps in centromeric regions is still not available. In our earlier
preliminary study [26] on the distribution of microsatellite density on
human chromosomes, low microsatellite densities at the ends of
chromosomes, in comparison to other regions of chromosomes, were
not observed. A neo-centromere analysis [27,28] showed that
repetitive sequences are a consequence of centromere activity and
are not necessarily required for centromere function. Taken together
with the results of our previous study [21] showing that micro-
satellites are deleterious for sequence conservation, the observation in
this report that microsatellite content is always lower, but not zero, in
centromeric and pericentromeric regions suggests that opposing
trends between conservation in function and evolution or sequence
homogenization are present. Purifying selection [29] of deleterious
mutations may reduce the levels of linked adverse elements. This
process ﬁnally reaches equilibrium between the expansion of adverse
elements and the selection for conservation of function. The
centromere compromises by having lower microsatellite content in
order to maintain function.
This study further conﬁrms the existence of a commonly predicted
relationship between microsatellite density and recombination rates.
In both the Arabidopsis thaliana and rice genomes, the recombination
rate and microsatellite content are lowest in centromeric regions. This
result is consistent with the results of several earlier studies which
found that centromeres depress recombination events in many
eukaryotic genomes [14–16,30]. Earlier reports indicated that therecombination rate is positively correlated with GC content [24], gene
density [24], and certain microsatellite motifs including GT sequences
[12,31]. Our study has revealed that all microsatellite motifs, rather
than only a few, affect recombination rates. This ﬁnding suggests that
recombination rates may be a function of the entire genomic sequence
rather than individual microsatellitemotifs. Repetitive DNA sequences
Table 2
Pearson correlation coefﬁcients between the number ofmicrosatellite lociwith different
length motifs and recombination rates in the Homo sapiens, Oryza sativa L ssp. Japonica
and Arabidopsis thaliana genomes
Motifs Homo sapiens(n=2855) Oryza sativa
L ssp. Japonica
(n=371)
Arabidopsis
thaliana
(n=1194)
Decode
average
Marshﬁeld
average
Genethon
average
Mono .088(⁎⁎) .063(⁎⁎) .060(⁎⁎) .246(⁎⁎) .048
Di .058(⁎⁎) .031 .061(⁎⁎) .173(⁎⁎) −.006
Tri .226(⁎⁎) .170(⁎⁎) .165(⁎⁎) .316(⁎⁎) .089(⁎⁎)
Tetra .269(⁎⁎) .223(⁎⁎) .205(⁎⁎) .224(⁎⁎) .046
Penta .023 .016 .011 .272(⁎⁎) .009
All
microsatellites
.161(⁎⁎) .126(⁎⁎) .113(⁎⁎) .317(⁎⁎) .074(⁎)
⁎ and ⁎⁎ signiﬁcant at Pb0.05 and Pb0.01, respectively. The window for Homo sapiens
and Oryza sativa L ssp. Japonica genomes was set to 1 megabase; the window for
Arabidopsis thaliana was set to 100 kilobases.
Table 4
Direct contribution of the number of microsatellite loci with different di-nucleotide
motifs/megabase to the recombination rate in a path coefﬁcient analysis of the human
and rice genomes
Motifs Homo sapiens(n=2855) Oryza sativa
L. ssp.
Japonica
(n=371)
Decode
average
Marshﬁeld
average
Genethon
average
AC/GT .1625(⁎⁎) .0898(⁎⁎) .1028(⁎⁎) .0698
AG/CT .0671(⁎⁎) .0600(⁎⁎) .0730(⁎⁎) .1563(⁎⁎)
CA/TG .1268(⁎⁎) .1248(⁎⁎) .1157(⁎⁎) .1727(⁎⁎)
GA/TC .0848(⁎⁎) .0568(⁎⁎) .0471(⁎) −.0192
AT −.1387(⁎⁎) −.1136(⁎⁎) −.1041(⁎⁎) .0218
TA −.2073(⁎⁎) −.1635(⁎⁎) −.1423(⁎⁎) −.0242
GC .0193 .0118 .0249 −.1158(⁎)
CG .0122 −.019 −.016 .0757
R2 .1516(⁎⁎) .0908(⁎⁎) .0835(⁎⁎) .0915(⁎)
Residual of
path coefﬁcient
.9211 .9535 .9573 .9534
⁎ and ⁎⁎ signiﬁcant at Pb0.05 and Pb0.01, respectively. Microsatellite motif pairs are
those that are identical in reversed complement.
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Polymorphisms such as the presence of alpha satellite DNA in the
human [32] and swine genomes [33], have been reported.However, the
recombination rate in the centromeric regions is low and commonly
close to zero. Thus, the presence of repetitive DNApolymorphisms does
not necessarily lead to higher rates of recombination. DNA poly-
morphisms and recombination rates are unrelated consequences of
mutations of the genomic DNA. An earlier study by Payser and
Nachman [29] reported that polymorphisms spawned from micro-
satellites do not correlate with the recombination rate in the human
genome. In the present study, we found that the content and density of
microsatellites correlates with the recombination rate. Other studies
have found that other microsatellite features [9,12,31], as well as GC
content, and gene density [24], may correlate with the recombination
rate. Thus, particular components or elements within the DNA
sequence, rather than mutations, may determine recombination
rates. The correlation between recombination rate and GC content
[24] and gene density [24] is consistent with this hypothesis.
Tandemly repeated sequences in centromeric and pericentromeric
regions undergo homogenization via intra- and inter-chromosomal
cross-over events [34,35]. However, if the homogenization of repeat
sequences is effective, the microsatellite content in centromeric and
pericentromeric regions should not be signiﬁcantly lower than else-
where in the chromosome. As this is in direct conﬂictwith the results of
present study, the low microsatellite content in centromeric and
pericentromeric regions may be a consequence of two antagonistic
forces: homogenization ofDNA repeats and conservationof centromere
function. Our previous study showed that microsatellite content is
signiﬁcantly higher in rice orphangenes than innon-orphangenes [21].
This observation suggests thatmicrosatellites facilitate the evolution ofTable 3
Direct contribution of the number of microsatellite loci of different lengths to
recombination rates in a path coefﬁcient analysis of the human rice and Arabidopsis
thaliana genomes
Motifs Homo sapiens(n=2855) Oryza sativa
L. ssp.
Japonica
(n=371)
Arabidopsis
thaliana
(n=1194)
Decode
average
Marshﬁeld
average
Genethon
average
Mono −.1373(⁎⁎) −.1345(⁎⁎) −.1027(⁎⁎) .0897 .0392
Di −.0066 −.0314 .0114 .0654 −.0468
Tri .1471(⁎⁎) .0971(⁎⁎) .1018(⁎⁎) .2204(⁎⁎) .0888(⁎⁎)
Tetra .2714(⁎⁎) .2549(⁎⁎) .2121(⁎⁎) −.0901 .0255
Penta −.0424(⁎) −.03649(⁎) −.0373(⁎) .1258(⁎) −.0047
R2 .0927(⁎⁎) .0633(⁎⁎) .0544(⁎⁎) .117(⁎⁎) .0112(⁎⁎)
Residual for
path coefﬁcient
.9525 .9678 .9724 .9397 .994
⁎ and ⁎⁎ signiﬁcant at Pb0.05 and Pb0.01, respectively. The window for Homo sapiens
and Oryza sativa L ssp. Japonica genomes was set to 1 megabase; the window for
Arabidopsis thaliana was set to 100 kilobases.new genes, but the process is deleterious for maintaining centromere
function. The lowmicrosatellite content in centromeres reveals that the
force that conserves of centromere function overwhelms the other
forces. This may indicate the presence of strong purifying selection at
the centromere.
Many studies [34,36] show that repeated sequences are abundant
in centromeres. Repetitive DNA sequences vary in length and consist
of many diverse elements, such as α-satellite [36], LINE-1 [37], and
DXZ1 [36] sequences, among others. Additionally, different length
repeats and elements exercise completely divergent actions in
evolution. Our study compared only the density of microsatellites,
which are ubiquitously distributed and highly polymorphic elements.
In contrast to the presence of many other types of repeated sequences
at the centromere, microsatellite sequences are conspicuously lacking.
In the path coefﬁcient analysis, we determined the direct
contributions of different microsatellite motifs to recombination
rates. Of the different length microsatellite motifs, the tri-nucleotide
microsatellites contributed themost strongly to recombination rates and
penta-nucleotidemicrosatellites contributed the least. With increases in
genome size, the contribution ofmicrosatellitemotifs other than tri- and
penta-nucleotides to the recombination rate becamemore signiﬁcant. In
the rice genome, only tri- and penta-nucleotide microsatellites
signiﬁcantly contribute to the recombination rate; however, in the
human genome, microsatellites with motifs of all lengths, except di-
nucleotides, contribute signiﬁcantly to the recombination rate. This leads
to the conclusion that the larger the genome, the more microsatellite
motifs are correlated with recombination rates and microsatellite
content. If we consider that microsatellites are genomic elements that
donot greatly alter gene functions,microsatellites could be considered as
nearly neutral elements. Because genome complexity increases with the
stochastic accumulation of nearly neutral mutations [38,39], the
relationship between microsatellite content and recombination rate is
tenable.
The strong effect of tri-nucleotidemicrosatellites on recombination
rates may reﬂect the fact that gene densities in different regions of a
chromosomeare signiﬁcantlycorrelatedwith recombination rates [24]
and that the majority of tri-nucleotide microsatellites are located in
gene coding regions [25].
Di-nucleotide microsatellites were thought to have a higher
afﬁnity for recombination enzymes [2,9]. For this reason, they would
be expected to make the highest direct contribution to the
recombination rate. A rather unexpected ﬁnding of this study was
that single di-nucleotide microsatellites make the lowest contribution
to recombination rates in both the human and rice genomes. However,
further analysis revealed that the combined effect of all di-nucleotide
microsatellites on recombination rates was greater than the effect of
330 W.-J. Guo et al. / Genomics 93 (2009) 323–331microsatellites with different length motifs. Some di-nucleotide
microsatellites also considerably reduced the recombination rate.
In fact, Biet et al [9] speciﬁcally stated that “The sequences can be
separated into three classes according to the binding afﬁnities: high
afﬁnity for the GT,CT and CA repeats, intermediate afﬁnity for the MIX
sequence and low afﬁnity for the GA, GC and AT repeats.…the MIX
oligonucleotide, a sequence derived from the genomeof bacteriophage
M13 which is devoid of obvious secondary structure.” Thus, di-
nucleotide microsatellites have a high afﬁnity for recombination
enzymes which is in contrast to microsatellites comprised of other
length motifs. Their study revealed the higher afﬁnity of di-nucleotide
microsatellites compared to non-secondary structure sequences, but
they did not consider the afﬁnity with respect to microsatellites with
other motif lengths. Our computation makes comparisons over a wide
range of motif lengths. Thus, our results are reliable and do not conﬂict
with the conclusions reached by Biet et al [9].
Genomic microsatellites play a major role in genomic metabolism,
gene expression, regulation of gene expression, and recombination. Li
et al. [2] attributed these roles to microsatellites having undergone
broad positive selection. Morgante et al. [40] also considered that the
higher microsatellite density in the transcribed regions of plant
genomes and strand selection of microsatellite motifs are due to
diverging mutation pressures. In Arabidopsis thaliana, Zhang et al [41]
also concluded that higher microsatellite density in 5′UTR regions is
due to positive selection. Since mutations in centromeres are
deleterious for meiosis and mitosis, conservation is critical. The lower
microsatellite densities in centromeric regions are necessary for
maintaining normal cell function. The number of microsatellites gives
an indication of the probability of microsatellite mutation. The ﬁndings
of the present study support the hypothesis that microsatellites in
centromeric regions undergo strong purifying selection. The divergent
relationships between microsatellite density and recombination rate
may also be attributed to the same evolutionary forces.
Methods and materials
The whole genome sequence of Arabidopsis thaliana was down-
loaded from TIGR (The Institute for Genomic Research). The latest
Annotation (Version 5.0) was released on 29 Jan 2004 at the ftp site
ftp://ftp.tigr.org/pub/data/a_thaliana/ath1/. The genetic map and asso-
ciation with the physical map was downloaded from ftp://tairpub:
mailto:tairpub@ftp.arabidopsis.org/home/tair/Maps/.The whole
genome sequence of rice (Oryza sativa L. ssp. Japonica cv. Nipponbare)
was downloaded from ftp://ftp.tigr.org/pub/data/Eukaryotic_Projects/
o_sativa/annotation_dbs/pseudomolecules/version_2.0. The centromere
positionsof the rice chromosomeswere obtained from the annotationby
Cheng et al. [42]. The rice genetic map and the association with the
version 2 pseudo-molecules physical map was download from http://
www.tigr.org/tigr-scripts/e2k1/irgsp_chromo_list.spl?db=osa1. The
completed human (Homo sapiens) genome sequence [43] and the
average recombination rate were downloaded from GoldenPath, the
Build 35 completedhumangenomeassembly (hg17,May2004), at: ftp://
hgdownload.cse.ucsc.edu/goldenPath/hg17/chromosomes and ftp://
hgdownload.cse.ucsc.edu/goldenPath/hg17/database, respectively. The
average recombination rate/megabase and themegabase coordinates in
the human genome were extracted from the original ﬁles. The
corresponding microsatellite content census window used the same
coordinates as those previously used in computing the average
recombination rate for each megabase segment of the genome.
We applied Perl scripts to implement the computations. The
microsatellite length criterionwas referenced topreviousmicrosatellite
studies [25,40]. Motifs of 1–5 bases were repeated perfectly in tandem
at least three times for a total size of at least 12 bases. Speciﬁcally,
mono-nucleotides were repeated 12 times, di-nucleotides 6 times, tri-
nucleotides 4 times, tetra-nucleotides 3 times, and penta-nucleotides 3
times. The microsatellite computation module, a previous developedPerl script [44], was imbedded in the genomic sequence computation
program. All the computed intermediate microsatellite locus para-
meters were inputted into the local relational database for further
statistical analysis.
We deﬁned the microsatellite content as the total number of
microsatellites within a moving window divided by the window size,
multiplied by the constant 1×106. Thus, the unit for microsatellite
content is microsatellite bases/megabase of genomic sequence. We
propose that this deﬁnition reﬂects the true content of microsatellites
in a genomic sequence.
The sizes of moving windows for censusing microsatellites on
chromosomes were used with many different parameters. All the size
windows displayed the same tendencies. However, 1 megabase
microsatellites windows were intrinsically more intuitive.
BioPerl tools [45] were used for computation and analysis. SPSS
11.5 statistical software was used to test statistical signiﬁcance.
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